The resent advances in radio frequency (RF)-magnetron sputtering of hydroxyapatite films are reviewed and challenges posed. The principles underlying RF-magnetron sputtering used to prepare calcium phosphate-based, mainly hydroxyapatite coatings, are discussed in this chapter. The fundamental characteristic of the RF-magnetron sputtering is an energy input into the growing film. In order to tailor the film properties, one has to adjust the energy input into the substrate depending on the desired film properties. The effect of different deposition control parameters, such as deposition time, substrate temperature, and substrate biasing on the hydroxyapatite (HA) film properties is discussed.
Introduction
It is well known that the long-term success of the dental and orthopedic implants is determined by a good osseointegration, which can be guaranteed by a good connection between the bone cell and implant. This connection is dependent on the phenomena which can take place immediately after insertion of the implant in human body. The first process after implantation is the interface between implant and the proteins, by formatting a thin layer which will act as a mediator of a good proliferation of the cells. Thus, protein adsorption determines the nature of the interface between the bone and implant, which will stimulate a fast cell growth, leading to a rapid osseointegration of the implant. In the past few years, it was demonstrated that the osseointegration of the metallic implants could be increased by coating the implant surface with bioactive coatings, which proved to accelerate the bone bonding rate. It was certified by World Biomaterial Congress in 2008 and 2012 and 2016 that this topic is one of the major topics in biomaterials.
Various different techniques are currently available for deposition of calcium phosphate (CaP), in particular hydroxyapatite (HA) coating, to metallic materials, including plasma spraying, pulsed laser deposition, biomimetic crystallization methods, electrophoretic deposition, sol-gel deposition, magnetron sputtering, etc. [1] .
Among the listed methods, plasma spraying is the only approach which is commercially approved for HA coatings deposition on metal implants by the food and drug administration (FDA) [1] . The method is based on the formation of a condensed layer of individual particles deposited on a metal substrate. The particles originating from a powder material are carried by a gas stream and passed through electrical plasma produced by a low voltage, high current electrical discharge. During this process, the heated particles crystallize and agglomerate during film formation. The coating features are determined by the chemical and mechanical properties of the used powder material, by the distance between a source and a substrate, the current of the electric arc, the deposition rate, and the work gas composition. Plasma spraying allows to produce coatings up to 300 μm in thickness. This technique has some significant limitations: poor uniformity in coating thickness and adherence to substrate, low crystallinity, poor mechanical properties on tensile strength, wear resistance, hardness, toughness, and fatigue [2] . Furthermore, plasma spraying does not allow to produce an uniform HA coating on substrates with complex geometry. Meanwhile, the most important disadvantages of this method are considered to be the presence of impurity phases. A higher temperature (6,000-10,000°C) is used during plasma spraying, the crystal structure of the HA powder can be easily destabilized and decomposition into mixture of HA, CaO, tricalcium phosphate, and tetracalcium phosphate, and a considerable amount of amorphous phases is occurs [3] . Structural inhomogeneity can lead to differences in coating resorption [3] and a reduction in coatingsubstrate interfacial strength [4, 5] . The alternative coating approaches have been extensively developed and tested to overcome the weaknesses of plasma spraying, namely sol-gel deposition and RF-magnetron sputtering. An overview of these three techniques is given in Table 1 .
Sol-gel deposition is a widespread method to produce CaP coatings [6, 7] . This method is based on the preparation of a suspension (sol) in the dispersion phase with its subsequent transition into a gel and the treatment of a metal surface with the resulting colloid. Thermal treatment at the coating material's crystallization temperature is required as the final step. The method makes it possible to produce a dense CaP coating with the thickness of 0.5-30 μm. Sol-gel deposition is a relatively inexpensive technique compared to others. The method has the potential to coat implant with complex shape by using simple setup [8] . Furthermore, it has the benefits of phase and structural uniformity [9, 10] . However, too low processing temperature leads to an amorphous or a nanocrystalline coating structure and requires, therefore, additional annealing of the coating to increase the degree of crystallinity. The major advantages of sol-gel method are good mechanical properties, corrosion resistance, and adhesion strength due to their nanocrystalline structure [11, 12] . However, the sol-gel deposition has disadvantages such as high permeability, low wear-resistance, and difficult porosity control, which hinders its commercial application [13] . Meanwhile, annealing can lead to a deterioration of the coating's adhesion. Furthermore, adsorbed organics within the sol-gel process can also cause coating failure.
Despite all the advantages of the above-described methods, their most essential limitation is the difficulty to control the phase and chemical composition of a CaP coating. In its turn, RF-magnetron sputtering allows to control the properties of CaP films within a rather wide range and to form a dense, uniform coating to devices with complex configurations with high adhesion and with uniformity in thickness and composition [17] [18] [19] [20] [21] [22] [23] [24] .
This high flexibility makes RF-magnetron sputtering, however, a rather complex method, especially for the deposition of multicomponent materials such as calcium phosphates. There are many process parameters that can have a direct effect on the coating's characteristics. For example, the coating composition can be influenced by the target composition and sputtering parameters such as gas pressure, substrate bias, and the deposition temperature. During RF-magnetron sputtering, the dense plasma interacts strongly with the substrate [25] , which causes an intense ion bombardment of the growing coating. The energetic particle bombardment may determine the growth film. During the RF discharge, the positive ions are accelerated and bombard the substrate with high energies, which are dependent on the discharge excitation frequency. It is plausible that the plasma density is higher in front of the substrate opposite to the plasma torus above the erosion racetrack. Under target erosion zone, the bombardment of the substrate surface by high energetic oxygen species (O -) occurs, which was confirmed by a number of authors [26] [27] [28] [29] [30] . These ions are generated at the target surface, accelerated in the cathode dark space and move with a high energy perpendicular from the target toward the substrate surface [31] [32] [33] . Cai et al. [34] described the effect of a local change in the growth rate of ZnO coating in the region of the target erosion zone which is connected with the sputtering of the coating with negatively charged ions. So, the Ar + and O − bombardment is the major part of the energetic particle bombardment occurring in RF discharges. It plays an important role during the film deposition in RF sputtering, because the temperature of the substrate may increase with increasing discharge power. The properties of the RF-magnetron sputter-deposited films are highly influenced by the bombardment of the growing film with species from the sputtering target and from the plasma. The latter is determined by the deposition parameters such as the working gas pressure and composition, target-substrate distance, and substrate bias voltage. Different energetic and thermal circumstances may result in a different final quality and structure of the applied coating. Control of these parameters is essential to modify the HA coating structural properties, its composition, and mechanical characteristics.
This chapter reports on the influence of discharge RF-power, substrate temperature, and spatial sample arrangement regarding the target erosion zone on the properties of the CaP films, its mechanical properties, and behavior in vitro.
Literature overview of RF-magnetron sputtering of CaP coating and its
comparison with chemical method
Principles of RF-magnetron sputtering
A magnetron sputtering system is a technological equipment which allows depositing thin films by sputtering of a target material in a magnetron discharge plasma. This type of system is based on the formation of electric and magnetic fields perpendicular to each other in the near-cathode region. By supplying a voltage between the cathode and the anode, a glow discharge is ignited. When the voltage is applied, the free electrons are repelled from the cathode or target and collide with the atoms of the working gas, creating ions, and new electrons. The positive ions are accelerated toward the target. The collision of the positive, energetic ions with the target leads to its sputtering. Particles removed from the target surface are transported to the substrate and the chamber walls. Not only atoms but also emission of electrons occurs due to the interaction of the ion flux with the target surface. The amount of emitted electrons to each approaching ion is known as the secondary electron emission yield and depends on the properties of the target material, the energy, and the type of bombard-ing particles. Secondary electrons are necessary for the ionization of the working gas and the maintenance of the discharge.
The magnetic field holds electrons in immediate proximity to the target in a so-called electron "trap" that is created by the intersecting electric and magnetic fields. The electrons oscillate in this trap until several ionizing collisions with atoms of the working gas occur. The plasma is localized above the target surface, due to the presence of the magnetic field. Hence, the target surface is sputtered in areas located between the magnets of the magnetic system. As a result, an erosion zone (racetrack) is created in the form of a closed-loop path with a shape determined by the magnetic system.
The RF plasma is conducted by electron ionization, which exhibited an oscillating movement at the RF-magnetron frequency of 13.56 MHz. At this frequency, the ions could not pursue these oscillations due to their mechanical inertia. This excitation is much more effective than the ionization by nonoscillating secondary electrons, leading to decrease of the voltage of the RF discharge. During the positive half-cycle, the target acts not as a cathode but as an anode. Therefore, the plasma density in front of the substrate is significantly higher for RF. Figure 1 shows the potential distributions, in which the positive ions (Ar + , O + , and Ca + ) are accelerated in the cathode fall V p -V dc and the target sputtering will take place. At the same time, the electrons and negative ions (O -) were moved from the target to the substrate, which along to the reflected neutral argon atoms will arrive at the substrate and perform the growth of the coating. In Figure 2 , the effects of energetic particles on a solid surface during ion-assisted growth during the RF discharge are shown. The secondary and back-scattered electrons, as well as the reflected ions and neutrals, cause a higher plasma density in front of the substrate for RF excitation and hence a higher ion saturation current to the growing film.
It can be seen that the electrons are kept out of the substrate and only those, which have a sufficiently high energy, will be able to pass through the potential barrier and arrive to the substrate, even if they have a low current. Both neutral species and high-energy negative ions (i.e., O -) are capable of striking the substrate. The properties of the RF-magnetron sputter-deposited films are highly influenced by the bombardment of the growing film with species from the sputtering target and from the plasma. The latter is determined by the deposition parameters such as the working gas pressure and composition, target-substrate distance, and substrate bias voltage. Control of these parameters is essential to modify the HA coating structural properties, its composition and mechanical characteristics. The thermal and energetic conditions at the substrate surface influenced by the different plasma species determine the elementary processes (adsorption, diffusion, and chemical reactions) as well as the microstructure and stoichiometry of the film growth. The energy available per incoming particle and ion-to-atom ratio is, therefore, essential in plasma processing of solid surfaces in the case of thin film growth. Functional properties of the thin films are largely determined by the intrinsic coating features, which defined not only by the material properties but, to a large extend, also by the thin film growth mechanism. Passing through several stages, adsorption, nucleation growth, and increase film thickness, a defined coating structure is formed. The extended structure zone model identifies the evolution of a polycrystalline thin film and its relation with the deposition conditions.
Morphology of RF-magnetron sputtering of CaP coating
The surface morphology of the HA coatings appears to play a significant role in implant-tissue interaction and osseointegration [1] . RF-magnetron sputtering allows to deposit dense, uniform coating, without apparent defects (cracks, gas bubbles, and others) keeping the initial substrate topography [1, 36] . The latter is beneficial in case of porous scaffolds and other substrates with the complex structure. Meanwhile, it is well known that the coating surface morphology is connected to their growth mechanisms. In this way, it varies according to the deposition process conditions. Most often CaP coatings produced by RF-magnetron sputtering at room temperature possess a low crystalline or amorphous structure. It occurs due to the energy flux arriving the substrate at the applied process conditions that is not high enough to ensure crystalline coating formation on the unheated substrate holder. To induce the crystal-
The effects of energetic particles on a solid surface during ion assisted growth [35] .
Modern Technologies for Creating the Thin-film Systems and Coatings linity of the coatings and transform the amorphous calcium phosphate into HA, the thermal treatment at T > 500°C (in situ and ex situ) is applied [37] [38] [39] [40] [41] [42] .
The surface morphology of the coatings to be shown strongly depends on the substrate temperature. Bramowicz et al. [43] performed the deposition on silicon substrates with the temperature varied in the range of 400-800°C (Figure 3) . The sample deposited at 400°C was observed to exhibit some circular cavities. At the increase of the deposition temperature, the cavities started to overlap, leading to the formation of uniform grains with comparable size. At 500°C, a threshold in the growth mode was observed, as the predominant morphology (cavities in otherwise flat surface) turned into a series of convex grains with well-developed grain boundaries. The authors concluded that the deposited HA coatings exhibit bifractal behavior, their surface topography can be thought of as two interpenetrating spatial structures with different characteristic length scales (cavities and clusters of cavities), which independently evolve with the deposition temperature.
The change of the routine of the coating preparation by adjusting the process parameters, such as substrate-target distance, working gas pressure, bias potential on substrate holder, ensuring higher energy flux arriving at the substrate allow to obtain crystalline coating at room temperature [44] [45] [46] [47] . López et al. [44] published a study on the control of the thermodynamic properties of the plasma to form a coating with higher crystallinity. The authors modified the sputtering geometry by positioning two magnetrons face-to-face with a substrate holder kept in a floating electric potential positioned at a right angle to the magnetrons (off-axis). It was shown that at an RF-power density of 24 W/cm 2 after 180 min of sputtering, the transformation of amorphous phase in the coating to the crystalline one occurred. Surmeneva et al. [48] in their work deposited higher crystalline coatings by sputtering a Si-containing HA target using a setup with an RF-magnetron source (5.28 MHz) at an RF-power density of 0.5 W/cm 2 and a target-substrate distance of 40 mm. The experiments were performed with a grounded substrate holder (bias 0 V) and a bias voltage of -50 or -100 V. The temperature of the substrate during deposition reached 200°C due to heating by plasma. The effect of ion bombardment on the morphology and microstructure modification of Si-HA coatings is shown in Figure 4 . The typical surface morphology of the HA coatings deposited on a flat silicon grounded substrate consisted of mound-shape grains (Figure 4a ). By applying a substrate bias a distinct decrease in the morphological features dimension was observed. The coating cross-section structure was studied by SEM. The samples were prepared by the chemical etching of one half of the coating in 1 M aqueous HCl. The etched regions of the coating are shown in Figure 4 (right side). The SEM study showed that the coatings deposited on the grounded substrate consisted of dense columnar grains grown perpendicular to the substrate surface. The columnar structure is the typical characteristic of films deposited by means of magnetron sputtering. The physical reason for the phenomenon of this structure is explained by Krug [49] and Bales and Zangwill [50] as a shadowing effect which can occur if adatoms impinge on the substrate under an angle which deviates from the substrate normal. With negative bias, the columnar structure was completely replaced by a very fine equiaxed grain structure which is reflected in the surface morphology. Therefore, it is considered that due to applying the negative bias, the particles arriving on the growing film have higher enough energy to disrupt column growth and force renucleation. Moreover, an increased ion bombardment may induce coating resputtering effect resulting in flat surface morphology. Thereby, the HA coatings can be deposited by RF-magnetron sputtering in such a way to control the coating morphology.
Composition of RF-magnetron sputtering of CaP coating
The thermodynamic stability, reactivity, solubility, and mechanical properties of CaPs were reported to strongly depend on the Ca/P ratio [4] . The calcium phosphate with low Ca/P ratio proves to have high dissolution rate. When the Ca/P ratio is equal to 1.67, the stoichiometric compound is obtained, which is referred as hydroxyapatite (HA). In biomedical applications, this compound is the most desired to obtain because the Ca/P ratio is close to that of natural bone. Thus, the Ca/P ratio is one of the main characteristics of a biocompatible film and it depends on the applied deposition control parameters such as RF-power, substrate bias, working gas pressure, and configuration of the samples in the vacuum chamber [51] . It is shown that the ratio of elements in the deposited coating may differ substantially from their ratio in the target [24, 28, 52] . It was reported that when sputtering from multicomponent ceramic targets, such as superconducting oxides, HA, and other CaP materials, the alteration in coating composition may occur due to the preferential sputtering, which can initially cause the stoichiometry of the film to deviate from that of the target. However, at steady state, the composition of the sputtered flux must be the same as the target composition unless extensive diffusion occurs in the target [53] . It was also reported that at least 1000 Å (or more of the multicomponent target) need to be removed before the coating would reflect the stoichiometry of the bulk target [54] . Thus, the composition of the coating may be quite different from that of the target material, depending on the type of sputtering system, and parameters used for deposition. Figure 5 shows the typical spectra for the fitted high resolution XPS obtained for O1s, Ca2p, and P2p regions of CaP films deposited by RF-magnetron sputtering onto titanium substrates. For the studied CaP coating, the O1s envelope (Figure 5a ) was fitted with energy O1s = 531.9
eV of the calcium in the structure of HA. The energy of Ca2p 3/2 = 347.1 eV (Figure 5b) was established for all Ca-O bindings. Finally, the P2p was fitted with two binding energies for the P2p 3/2 peak (Figure 5c ): (i) the P2p 3/2 = 132.9 eV was established to the phosphorous bonded to the oxygen in the (PO 4 ) 3--groups in the hydroxyapatite structure and (ii) the P2p 3/2 = 133.8 eV was attributed to the P-O bindings in the calcium phosphate phase. For nanocrystalline HA coatings deposited via the RF-magnetron sputtering the ratio of Ca/P was reported in the range between 1.6 and 2.9 [47, 55] . The optimum Ca/P ratio was reported to be in the range of 1.67-1.76 [4] . At the low deposition temperature an amorphous coating structure was obtained; the increase of the deposition temperature leads to the Ca/P ratio change in the range of 1.41-1.69 [43] . It was demonstrated that the Ca/P ratio achieved the value of 1.63-1.69 for samples prepared at temperatures between 600 and 800°C. It was found that the Ca/P ratio of the coating is different than that of the target, due to specific target sputtering mechanisms. Moreover, it was reported that P ions are pumped away before reaching the substrate [17] . In the present case, at relatively low deposition temperature, the deposition conditions yielded Ca-deficient films, whereas temperature increase resulted in stoichiometric HA films. Possible phenomena causing these results include differences in sticking and removal rates of atoms on the growth surface and gas scattering phenomena [53] . Film growth at relatively high temperatures implies that the sticking probability of the incoming species can be less than unity, which in the case of compound growth can result in modified film composition.
An increase of the negative bias applied to the substrate led to the increase of the coating crys tallinity and of Ca/P ratio from 1.53 to 3.88 [52, 55, 56] . Feddes et al. [57] explained this phenomenon by assuming that phosphorus was resputtered from the growing film surface by ion bombardment with the energy determined by the potential drop in the cathode dark sheath. The authors of the study reported that calcium was carried by positively charged radicals (e.g., CaO + ) and ions (e.g., Ca + and Ca 2+ ) generated in the plasma [57] . Moreover, it is explained that higher negative substrate biasing resulted in higher fluxes of CaO + cations onto the surface and it became more difficult for (PO 4 ) 3− anions to reach the surface, which explained the higher Ca/P ratios at higher negative biases [48] .
The composition of the CaP coatings may be controlled by the RF-magnetron sputtering and may be changed by deposition temperature. The increase of the deposition temperature leads to the Ca/P ratio change in the range 1.41-1.69 [43] . The deposition temperatures influence the Ca/P ratio, which achieves 1.63-1.69, that is very close to the stoichiometric HA (Ca/P = 1.67), for samples prepared at temperatures between 600 and 800°C (Figure 6 ).
Water addition into an working gas atmosphere effect of RF-magnetron sputtering of CaP coating
A similar trend was observed for the coatings deposited in H 2 O-containing atmosphere by Ivanova et al. [28] (see Figure 7) . The Ca/P ratio varied within the range of 1.53-1.70, and first increased with the distance from the center of the substrate holder. The highest Ca/P ratio was obtained for the samples exposed above the racetrack. Feddes et al. [57] reported that the P ions can be resputtered by negatively charged oxygen ions, leading to the variation of the Ca/P. Also Takayangi et al. [58] found that the high-energy negative ions appear in the erosion area of the oxidized cathode due to a large amount of electrons which are trapped by magnetic field within this zone. So, the negative oxygen ions formed as well as Ar ion bombardment of the growing HA film caused its stoichiometric deviation from the target composition. So, the RF-magnetron sputtering is well-suited method to prepare coatings with different Ca/P molar ratios by variation of the substrate temperature, substrate bias, and position of the sample with regard to the target erosion zone [48] .
Microstructure of RF-magnetron sputtering of CaP coating
At the low energy flux into the substrate, the amorphous HA coating is growing [59] . Thus, the deposition temperature of the HA coating plays an important role to the formation of the crystalline structure, which influence many other properties of the coatings. Figure 8 shows the evolution of the crystallinity on the deposition temperature. At low temperature, the CaP coating shows only two peaks: (002) and (202). As the deposition temperature increased, more peaks are seen, the (200), (222), (213), and (004) planes) indicating the formation of the crystalline structure. The grain sizes, calculated by the Scherrer formula, increase with the deposition temperature, resulting in crystallites aggregation due to the higher adatoms mobility. The phase composition and structure of the CaP coating depend on the process conditions as it was mentioned above. RF-magnetron sputtering allows to deposit the CaP coatings of either amorphous or crystalline structure of a certain phase composition that along with the Ca/P ratio influences the coating behavior in vitro and in vivo [60] . The high dissolution rates of the amorphous lead to long-term stability reduction of the implanted devises. With the aim to maintain the HA coating integrity the researchers apply the postdeposition or in situ annealing of the films. Several authors reported that the transition from amorphous to crystalline coatings can be controlled by the heat-treatment temperatures and heating environment (air Figure 9 . XRD spectra show variations of the intensity distributions, revealing that the studied samples have a different texture [48] . Modern Technologies for Creating the Thin-film Systems and Coatings and water vapor) [61] [62] [63] . Meanwhile, crystalline coating can be obtained by turning the energy of the bombarding ions or ion to atom ratio arriving the substrate through manipulation with the substrate bias, working gas composition, pressure, and target-substrate distance.
The influence of the substrate bias voltage on the structure of the Si-containing HA coating was studied by Surmeneva et al. [48] . The X-ray diffractograms of the deposited coatings consisted of the reflexes corresponding well to the expected Bragg peaks for hydroxyapatite (ICDD PDF No. 9-432) (Figure 9) . With a grounded substrate, the strongest peak of the Si-HA coating was the reflection from the (002) plan resolved at 25.9°. Thus, crystallites of Si-HA preferentially grew in the (002) crystallographic orientation perpendicular to the substrate surface. With an increase in the substrate bias voltage to −100 V, the intensity of the (002) peak relative to the other peaks was observed to decrease. The XRD pattern of the coating at negative bias showed broad overlapping peaks around 32°, which indicates the decrease of the crystallite size or/and the presence of the microstress in the film. The average crystallite size as determined by the Scherrer formula was 70 nm for the coating obtained on a grounded substrate (0 V) and 45 nm for the coatings deposited at negative bias (−50 and −100 V). Thus, the enhancement of the energy of the bombarding ions reduces the texture of the film and the crystallite dimension.
The crystalline HA coatings were obtained by RF-magnetron sputter deposition in water containing atmosphere [28] . It was shown that the HA coatings exhibited considerable change on preferential orientation while the samples approach the target erosion zone. According to XRD analysis with shifting the sample radially from the center of the substrate holder the texture coefficient of (002) peak decreases while the (300) peak grows up. Figure 10 shows detailed highlights from the two ultimate cases of the deposited HA coatings preferentially oriented in the (002) and (300) directions. The structural features of the films were quantitatively studied. The lattice parameters (a, b, and c) of the measured samples were revealed to be higher than that of the bulk HA. The (002) textured coating (Sample B) is characterized by a = 9.410 Å and c = 6.934 Å; the (300) textured film (Sample A) is with a = 9.490 Å and c = 6.925 Å. This behavior is commonly observed in physical vapor deposited thin films and is attributed to the compressive stress arising in the film within growth and the stoichiometric imbalance of the film composition. In this way, the deposition conditions which were realized under the racetrack lead to the transformation of the HA film orientation. It is considered that the texture change is resulted by high energy ion bombardment of the growing film deposited under the target erosion zone. This not only affects the deposition rate but also influences the structure and functional properties of the film.
The development of microstructure in the trend of the coating growth was also studied with the help of TEM cross-section images. Figure 11 shows the cross-sectional bright and dark fields of a 250-nm thick CaP layer prepared by FIB. Note that the coatings had a gradient structure with a nanocrystalline layer at the interface. This result is in good agreement with the results published in reference [48] . The first columnar structure nucleated perpendicular to the interface, within the range of 30-50 nm from the interface between the coating and substrate. The CaP film is well defined, dense, and homogenous. In the dark-field images, the columns have a lateral size of about 40 nm. In Figure 11a , the clear structure of HA, with reflections from (100), (002), (211), and (200) planes, was seen. Based on TEM, the average crystal size of the top CaP layer was 30 ± 20 nm. The crystals showed a perfect crystalline structure, being in concordance with the value obtained from the XRD spectra (40 nm). Figure 11 , the polycrystalline structure of the HA coating can be observed. Both ED patterns and d-spacing values (1.90, 2.12, 2.25, 2.82, 3.19, 3.43, 4.10, and 8.20 Å) confirmed that the deposited coatings possess the structure of HA and the absence of other crystalline phases. The physical reason for the phenomenon of this structure is explained by the authors of the study [64] as a shadowing effect which can occur if adatoms impinge on the substrate under an angle which deviates from the substrate normal. The microstructure evolution of the thin film can be described with the structure, zone model (SZM), which characterizes the microstructure and texture as a function of the deposition parameters. A good overview of an SZM is given by Mahieu et al. [65] [66] [67] developed the extended structure zone model (ESZM) that explains the transformation of the texture and microstructure of thin films as a function of adatom mobility.
Also in
The texture change occurred in thin films during their growth is a fundamental issue. It can be determined with the help of several factors, such as precursor adatoms sticking probability, adatom diffusion on the surface, and interaction of high-energy particles with the surface of the growing film. In the HA structure, the (002) plane has the lowest surface energy [68] . For this reason, to minimize the surface energy, the HA coatings grow on (002) orientation. In the literature, it was reported that the preferred (002) orientation can be thermodynamically changed by increasing oxygen ions bombardment in the deposition process [66] . For example, Van Steenberge et al. [69] demonstrated that the preferential orientation of the CeO 2 films prepared using the reactive magnetron sputtering method can be controlled by increasing oxygen flow. The influence of different crystalline planes during the collision anisotropy can also be treated as an explanation of the obtained results. The (002) plane of hexagonal structure is the most closely packed and it can be easily damaged by severe bombardment of ions accelerated in the cathode racetrack giving rise to loosely packed (100) plane [70, 71] . This finding is important, because crystallographic texture of polycrystalline thin film is one of the essential microstructural features, which is responsible for its properties. In hexagonal HA, a, b, and c planes exhibit anisotropy in mechanical properties, resolvability, biocompatibility, and absorption ability [72] [73] [74] [75] . Naturally occurring apatite crystals frequently exhibit preferred orientations resulting from highly specific biological processes and these preferred orientations are believed to affect the biological and biomechanical performance of hard tissue [73, 76, 77] . Moreover, recent investigations suggest that HA with textured in a tailored manner surfaces may enable a new level of control over cellular behavior due to of protein adsorption anisotropy on the different faces of hexagonal HA crystals. Molecular modeling and in vitro analysis have shown that acidic bone proteins and other proteins exhibited high affinity to the (100) plane of HA [55] . Moreover, adsorption-desorption of the protein on nanosurface plays an important role in cell adhesion and mineralization of biomaterials. Thus, by controlling the preferential orientation of sputtered HA coatings, the behavior of the coatings in human body can be tailored, assuring their successful for biomedical applications.
Electrochemical in vitro tests of RF-magnetron sputtering of CaP coating
After implantation in human body, any metallic biomaterials are affected by the action of the body fluids [60] . The metallic biomaterials are degraded by corrosion processes, which disturb the normal body system, leading in the end at the rejection of the implant. For this reason, before the preparation of new biomaterial, it is important to know the effect of the corrosive solutions on its characteristics. In the case of the coatings, the corrosion resistance can be controlled by the adjustment of deposition parameters. The corrosion behavior of the biomaterials at the contact with simulated body solutions (saliva, SBF, PBS, and 0.9% NaCl, etc.) can be evaluated by various techniques; the most used being the potentiodynamic polarization method. The corrosion behavior of hydroxyapatite is influenced by the many factors such as composition, crystallinity, compactness, and porosity, which are depended on the deposition parameters. For example, Ducheyne et al. found that the stoichiometric hydroxyapatite coatings (Ca/P = 1.67) exhibited low dissolution rate than other types of calcium phosphates [78] .
In a previous paper, we demonstrated that the deposition temperature is one of the factors which can affect the corrosion resistance of sputtered hydroxyapatite coatings as following [59] . The increase of the deposition temperature from 400 to 600°C leads to the decrease of the corrosion current density and increase of the polarization resistance (Figure 12) , indicating an improvement of the corrosion resistance. For further increase of deposition temperature from 600 to 800°C, the corrosion current density and polarization resistance were not affected (Figure 12) . Comparing the values of corrosion potentials, all the coatings presented more electropositive values than the uncoated Ti alloy (Figure 12) , demonstrating that the coatings are a good solution for improving corrosion resistance of the Ti6Al4V alloy. The increase of the deposition temperature tends toward more electropositive values for hydroxyapatite, indicating also an enhancement of the corrosion resistance. In the literature, it is commonly admitted that a material is resistant to the corrosion when exhibited more electropositive values for corrosion potential, low values for corrosion current density and high ones for polarization resistance [79, 80] . If we take into account these criteria, it can be observed that the hydroxyapatite prepared between the 600 and 800°C has the best resistance in Fusayama artificial saliva solution (pH = 5) at 37°C, being proper for the dental applications. This results was accounted to the differences in the composition of the samples, the EDS measurements showing that HA-400 is nonstoichiometric (Ca/P = 1.80) while the HA-600, HA-700, and HA-800 exhibited Ca/P ratio closed to 1.67 [59] .
Mechanical properties of RF-magnetron sputtering of CaP coating
To assure the success on long term of the metallic implants coated with HA, the coated surface should exhibit a high hardness, low friction performance and superior bonding strength to the metallic surfaces in order to support potential fatigue stress at the time of surgical procedure or after implantation. Altering the metallic surface texture, namely, the implant roughness, via different pretreatment techniques or/and their combination is the most common used and relatively inexpensive way that can help in tackling above mentioned challenges as the substrate properties play an important role in obtaining the effective implant-tissue interaction and osseointegration. Substrate topography can be varied via different surface treatment procedures: exposition to abrasive paper (grinding and GR); sand, glass, or ceramic microspheres accelerated toward the surface (sandblasting and SB); exposition to acid chemicals (wet etching and AE); exposition to electron beams (EB). It is known that the mechanical properties of biomaterials are strongly governed by the film fabrication method and substrate characteristics. According to Mohseni et al. [81] , the sputtering technique provides the highest adhesion of coating to the substrate compared to other methods which can be attributed to the sputter cleaning and ion bombardment processes (Figure 13) . However, a simple and direct comparison of the effect of different pretreatment methods for enhancing the adhesion strength of magnetron sputtered HA coating is difficult because the deposition parameters are different and the authors use different techniques and experimental equipment to determine the mechanical properties. Nevertheless, the main tasks in the pretreatments of a metal surface prior to coating deposition may be defined as follows: to remove all foreign matter, to render surface suitable (suitable roughness) for the coating, to impart uniformity throughout all treated work piece surfaces.
Nowadays, the most common pretreatment methods of metallic substrate surface used prior to RF-magnetron coating deposition procedure are GR, SB, AE, and EB treatments [24, 56, 79, [81] [82] [83] [84] . A number of studies reported that the combination of these pretreatment techniques Table 2 . The most frequently applied pretreatment techniques prior the RF-magnetron sputtering and their influence on the mechanical characteristics of deposited HAbased coatings.
Modern Technologies for Creating the Thin-film Systems and Coatings could be more effective for the improvement of hardness, Young's modulus and adhesion of the HA coatings to substrate [56, 85] . Table 2 summarizes the use of different pretreatment methods prior the deposition of HA-based RF-magnetron coating on metallic substrate with comparison on their mechanical properties.
For instance, the increased surface roughness and enhanced mechanical properties of implants by SB and AE, so-called SLA process [86] , were demonstrated by Grubova et al. [85] . Nanohardness H and Young's modulus E of the coatings prepared on Ti after SB with Al 2 O 3 microspheres of 50 μm diameter followed the etching with a mixture of 1 ml HF + 2 ml HNO 3 + 2.5 ml H 2 O at the penetration depth of hc = 71.11 ± 2.87 nm were 15.2 ± 0.7 and 147 ± 16 GPa, respectively. The values of Н/Е and Н 3 /Е 2 for the HA coating (0.101 and 0.164 GPa, respectively) were significantly higher than that of the uncoated substrate (0.038 and 0.005 GPa). Scratch test results revealed that the deposited HA coatings exhibited improved wear resistance and lower friction coefficient. Eventually, the coating was delaminated from the substrate along the scratch path when the load increased up to 3.14 N.
Based on the data obtained in study [24] for pure HA coatings with a thickness of 0.09-2.7 μm prepared by RF-magnetron sputtering deposition on mechanically polished (GR) NiTi and Ti substrates at a substrate temperature of 500°C in argon atmosphere, we can assume that substrate surface microstructure affected the mechanical properties of HA films, if the film is thinner than about 1 μm. Their hardness and Young's modulus were of about 10 and 110 GPa, respectively. The bond strength of the HA coating to the metallic substrates is affected by its thickness. For example, upon increasing the thickness more than 1.6 μm, the bond strength decreased. The coating with a thickness of less than 1.6 μm was not damaged during the scratch test experiment even at a maximal load of 2 N. No difference was observed between NiTi and Ti substrates [24] .
Control of the formation of the surface nanopatterns on Ti via pretreatments can allow varying the grain size of the HA coating. For instance, Grubova et al. [87] investigated the influence of the grain size on the mechanical properties of the nanostructured RF-magnetron sputter-deposited Ag-HA coatings with a concentration of silver in the range of 0.13-0.36 wt% prepared on the Ti substrates treated through SB with Al 2 O 3 particles (250-320 μm) for 10 s at 0.45 and 0.61 MPа and AE using a 1:2:2.5 mixture of HF (40%), HNO 3 (66%), and distilled water. Larger nanostructure sizes were found on the surface of Ti prepared at a lower SB pressure. From the nanoindentation results, it is possible to conclude that smaller grains of the Ag-HA coatings resulted in significantly higher values of nanohardness and Young's modulus.
The treatment of Ti surfaces by EB has also been used prior the deposition of magnetron HA coatings [56] . EB irradiation of Ti samples has been found to reduce the roughness and to improve the nanohardness of the material [88] , allowing for the deposition of smoother HA coatings [56] . For example, Surmeneva et al. [56] studied the nanoindentation hardness and the Young's modulus of the HA coating deposited onto Ti modified by the pulse EB treatment with an electron energy density of 15 J cm -2 were determined to be 7.0 ± 0.3 and 124 ± 3 GPa, respectively, which were significantly higher than those of the HA coating on AE Ti in a mixture of HF (48% concentration) and HNO 3 (65% concentration) acids; H 2 O was set to 1:4:5 in volume. Figure 14 shows the load-deformation curves of the tested in [56] surfaces.
The CaP coating deposited onto the nanocrystalline EB treated Ti surface is more resistant to plastic deformation than the same coating on the AE Ti substrate. Moreover, Surmeneva et al. [89] also have evaluated the application of negative electrical bias to the Ti substrates preheated to Т = 200°C during the Si-HA coating deposition; the substrate surface was chemically etched and then treated with a low energy EB prior to deposition. It was found that for the case of the grounded substrate, the adhesion coefficient is the highest (HSC = 1). With increasing negative bias, the adhesion coefficient HSC lowers to 0.98, indicating a decrease in adhesion. Decreasing adhesion may be associated with an increasing level of microstrains because of a finer grained structure, an increasing volume fraction of defects, and incoherent interfaces, as evidenced by XRD and IR studies of the coating structures. Surmeneva et al. Figure 15 . Hardness and elastic modulus of the sputtered CaP coatings prepared at different deposition temperatures; the measurements were performed on the coating deposited on the Si wafers in order to avoid the influence of other factors (e.g., roughness or cast defects occur during the deposition of the coatings on metallic substrates) [59] .
Figure 14.
Representative load-displacement curves for uncoated and CaP-coated Ti prepared by AE and pulse EB treatment at a maximum load of 2.5 mN [56] .
found that the HA coating prepared on EB-treated magnesium AZ31 alloy exhibited higher hardness and the Young's modulus values compared to those of HA coated on untreated AZ 31 alloy. Furthermore, HA coating prepared on treated AZ31 alloy substrate showed the best resistance to plastic deformation than HA coated prepared on treated AZ31 alloy substrate. Although we cannot do the right comparison of the pretreatment methods usually used prior RF-magnetron coating deposition due to the differences in techniques and experimental equipment for the determination of the mechanical properties, we assume that pretreatments such as AE, SB, GR, and EB treatments and their combinations enhance the bonding strength and hardness of the coating. However, the pretreatments are not the only one way to guarantee a stable (high hardness and low friction) HA coating on metallic substrate. Using an interfacial layer (such as TiO 2 , TiN, SiC, etc.) as the initial coating layer on the substrate followed by HA coating layer also can enhance the bonding strength and mechanical properties as well as post-treatments [84, [90] [91] [92] [93] .
In biomedical applications, the mechanical properties of the CaP coatings are important parameters. For success of dental or orthopedic implants, it is important to use a material with high hardness and elastic modulus close to the bone. In the case of CaP, both parameters are influenced by deposition temperature (Figure 15 ). Due to the plastic deformation, we presented the results of the hardness and elastic modulus measured at low load (1 mN).
The elastic modulus and hardness values decreased with increasing deposition temperature (Figure 15 ). For both parameters, high values were obtained for the coatings with amorphous structure (sample deposited at 400°C). Note that the crystallinity plays an important role also in the case of mechanical properties. Despite that the high hardness is desired, the elastic modulus should be low, for the biomedical applications. Moreover, the CaP coatings exhibited a high dissolution rate in contact with human body fluids and it is not desired. Thus, the CaP coatings prepared at high deposition temperature (700 or 800°C) is more proper for coating the surface of dental or orthopedic implants.
Behavior in vitro of RF-magnetron sputtering of CaP coating
Cellular responses to an implanted biomaterial are highly complicated biological and chemical processes related to several surface properties [82] . In the literature, it was reported that the Ca and P content affected cell response such as attachment, spreading, and differentiation [61, [94] [95] [96] . Moreover, it was demonstrated that the biological properties of Ti or Mg alloys, ceramics, and polymers could be significantly enhanced by substrate coating with CaP thin film [61, [94] [95] [96] .
In vitro cell viability tests studied after 5 days of culture with human osteosarcoma cell line (MG-63) showed that all of the cells have a good adhesion, spreading, and growth on the surface of all of the coatings, whatever deposition temperature was (Figure 16 ). Comparing all of the coatings, one may observe that there are no differences between the cell growths after increasing the deposition temperature. On all of the coated surfaces, the cells showed a dense cytoskeletal F-actin (stained green) and proliferated well, being situated close to each other. For the CaP coatings prepared at 700 and 800°C, more cell nuclei numbers (blue color) were found, indicating that these two coatings have better promoted the cell proliferation. The SEM micrograph of cell growth on the coating prepared at 800°C is presented in Figure 17 . There are observed many cells well attached and spreading over the whole coated surface, with spindle-shaped, indicating good biocompatibility. In our previous paper, we demonstrated that this behavior was due to the increase of surface roughness which was increased due to the deposition temperature [59] . Immediately after the implantation, the first contact of the implant surface is with proteins, which are known as a promotor of attachments, spreading and proliferation of osteoblasts, leading to a successful implantation [97] . The proteins adhere better to the porous or rough surface due to larger contact areas which assure a bigger surface-cell interface [98, 99] .
Recent studies have shown that the cell-substrate interactions depend on the material type and are associated with the surface topography [100, 101] , chemical and elemental composition [101, 102] , dissolution behavior [101, 103] , and surface macro and microstructure [101, 104]. These physicochemical characteristics can be manipulated during RF-magnetron sputtering to promote the clinical integration of implants with the surrounding cells and tissue [100, 105] . The response of a human osteoblast-like cell line (MG-63) to titanium coated with silicon-containing calcium phosphate was investigated by Surmeneva et al [48] . In vitro cell culture studies showed that cells maintained their natural spindle-like morphology, are well spread out and adherent to the substrate (Figure 18 ). After 7 days, the cells covered the whole surface coated with HA. All the tested coatings revealed a low toxicity and a very good adhesion of cells on the surface.
By conducting the biological in vitro assay of the HA coatings with DPS cells the surface mineralization of the tested samples was revealed. The mineralized nodules typical for amorphous calcium phosphate (ACP) deposited from solutions were found in the extra-cellular region during the 3-day culture (Figure 19a ) on the poor crystalline HA coating deposited at 200 W and 0.1 Pa on the titanium substrates. The calcification degree in the matrix of fibrous col- Figure 18 . Morphology of MG-63 cells growth for 1 and 7 days on glass and Ti substrates coated with HA prepared by different methods [48] . lagen was significantly lower in the case of the uncoated titanium (Figure 19b) . It is reported that nodule formation in multilayers of cells is an important factor for in vitro mineralization [61, 62] . These results are consistence with those published in Ref. [63] . In the literature, it has been shown that the mineralization process is initiated by controlling the Ca and P concentrations in the medium [66, 68] . Nodule formation of mineralized is correlated with most of the biological events more or less with a spontaneous precipitation of CaP minerals, depending on the behavior of cellular osteogenic [69, 70] . In other words, poor crystalline HA coatings accelerated the attachment, proliferation, and formation of mineralized nodules by the cells grow on the surface than those grown on uncoated titanium surface.
The geometric and physical characteristics of the CaP film are important for regulation of the cells attachment and migration, such as crystallinity, composition, and thickness. Many scientific papers reported on the effect of crystalline and amorphous CaP coatings prepared by different techniques based on the adhesion, proliferation, and growth of bone-related cells [106] [107] [108] [109] . Anyhow, most of the published papers acknowledged various effects of the CaP coating crystallinity on cell behavior. For example, a low dissolution rate of the coating was found for the coatings with low crystallinity or amorphous ones. On the other hand, the amorphous CaP coatings induce faster bone formation, even though its faster release of calcium ions [110] . Based on some in vitro analysis, it was found that the surface chemistry and topography of amorphous HA coatings stimulate the cell attachment, but result in a cytotoxic effect that inhibits proliferation of the cells attached to the coating surfaces [106, 110] . Simultaneously, highly crystalline HA coatings revealed nodule formation [106] and higher rates of osteogenic cell proliferation than the less crystalline or amorphous HA coatings deposited on Ti substrates [106, 110] . It is also reported in reference [107] that the amorphous sputtered CaP coatings constrain the growth and differentiation of rat bone marrow cells and osteoblast-like cells. On the other hand, crystalline HA coating prove to have better adhesion and accelerates proliferation of bone marrow mesenchymal stem cells compared with an amorphous ACP coating with the same topography and roughness [108] .
It is difficult to highlight the most significant properties of the CaP coating that lead to a better cellular response. Furthermore, it is impossible to compare the results of in vitro experiments that have been conducted using different methodologies. For instance, the cell types influenced the Ca 2+ and PO 4 3-and by varying the Ca/P ratio, the proliferation and differentiation could be controlled [111] . For this reason, the standardization to establish the effects of CaP on the biological assay is required. Up to date, there are some methodologies, but the published studies on the biological assay of the magnetron sputter-deposited coating demonstrate that this method can potentially be used for the development of future biomaterials.
Solutions for improving the properties of RF-magnetron sputtering of CaP coating
As it was underlined in the introduction, hydroxyapatite is one of the most extensively used materials in medicine for hard tissues repairment or for enhancing the osseointegration of the metallic implants or their components. It is commonly used due to its chemical similarities to the component of bones and teeth. However, the high dissolution rate in contact with human fluids, the low mechanical strength and the relatively low bone bonding rate restrict its use as biomaterial. Therefore, the actual challenge in the biomedical field is to find a solution to improve the mentioned properties, but the difficulties are redoubtable, as these surface, characteristics deteriorate in time. A novel approach to obtain these surfaces is to modify HA properties by doping with small amounts of beneficial elements for human bones, as discuss below.
Si or SiC addition
In the present, the addition of Si into the HA matrix has successful clinic practice as bone graft material in spinal fusion (www.orthoaospl.com). However, this solution is not sufficient for the hard tissue, because they exhibited low hydrophobicity involves a decrease of the proteins adsorption and low mechanical and tribological properties. Thian et al. showed that sputtered Si-HA coatings could be a good candidate for hard tissue replacement, owing to their ability to form a carbonate-containing apatite layer rapidly [112] . Azem et al. showed that by SiC addition to the pure HA matrix, their corrosion resistance in artificial saliva and mechanical properties were enhanced, without affect the bioactive abilities of HA [91, 113] . Also, Vladescu et al. reported that the SiC consisting of hydroxyapatite coatings exhibited high adhesion strength to the Ti6Al4V substrates, better corrosion resistance to the SBF attack, better cells proliferation and viability compared with the undoped HA coatings. However, the elastic modulus is still higher than that of the bone [91] .
Mg addition
Some researchers have also proposed the incorporation of Mg in the HA lattice, in order to accelerate the osseointegration process of dental or orthopedic implants. The Mg was selected as dopant because Mg is found in the natural dentin (1.23 wt%) and bone (0.73 wt%). However, a major drawback of the Mg-HA coatings is their high dissolution rate in physiological solutions, leading to a high pH value in the surrounding environment, which is detrimental to cell survival [114] . This effect appeared because Mg inhibits the apatite crystallization, leading to a destabilization of the apatite structure, by formation of the β-tricalcium phosphate, known as a phase with high dissolution rate in human body environment [113] . The 1.8 wt% Mg content decreased the compressive strength and hardness of the HA, but these are still higher than the values for bone [115] .
Ti addition
A recent study reported that some of the properties of sputtered HA, such as mechanical properties, in vitro and in vivo bioactivity, could be enhanced by the incorporation of Ti in the HA lattice. Ribeiro et al. showed that the hydroxyapatite doped with Ti enhanced the protein adsorption, especially the activity of the enzyme GCR, indicating that this coatings may be used as a delivery matrix for biologically active molecules [116] .
Ta addition
Ligot et al. identified that Ta could also be a promising doping element, proving that for Ta content less 4.5 at%, Ta substituted the Ca in the HA cell, and the (Ca + Ta)/P ratio is close to 1.67 (ratio of stoichiometric HA) and exhibited an elastic modulus of 120 GPa, which is comparable to the value of some conventional materials used for load-bearing implants (stainless steel, Co-Cr alloys or Ti alloys) for which the elastic modulus ranges between 110 and 232 GPa [117] . Unfortunately, up to date, no information about the effect of Ta addition on the osseointegration ability, bioactivity, or dissolution rate of sputtered HA coatings are available. Future work need to be done in this area.
Ag addition
In the present, in the biomedical applications, especially for dental and orthopedic implants, there is necessary to use surfaces with bioactive and antibacterial surfaces, which helps also the implant osseointegration. The bioactive surface could be achieved by using HA coatings, but the antibacterial or antifungal properties of HA coatings are under development. For example, Park et al. doped HA coatings with different Ag content and found that some of the Ca 2+ ions in the hydroxyapatite were replaced with Ag + ions [118] . The drawback of this solution is that the hardness and modulus of the Ag doped HA coatings decreased with an increasing Ag content [118] , which is not desired for load bearing implants. Ciuca et al. found that the addition of 2.1 at.% Ag is enough for assuring of antifungal activity of the HA coating, without affecting the formation of the stoichiometric HA phase [119] . Also, it was demonstrated that the addition of a small Ag content (0.7 at.%) into HA structure could improve the resistance to the Staphylococcus aureus, Streptococcus pyogenes, Salmonella typhimurium attack of hydroxyapatite without any change of the other characteristics such as microchemical, microstructural, or anticorrosive ones of the sputtered hydroxyapatite [120] .
Conclusions
The fabrication of a controlled crystallinity, chemistry, and stoichiometry of HA nanocoatings is shown to be possible based on the knowledge gained up to now, which will have a high efficiency in orthopedic implant applications. The HA coatings can be deposited on the surfaces of diverse metallic permanent and biodegradable implants. The complex geometries of implants can be coated by RF-magnetron sputter, even if this technique is a line-of-sight technique. An overall control of the coating properties keeping the adhesion strength to the substrate high makes RF-magnetron sputtering technique prospective for future commercial applications in the case of biocompatible coating fabrication. 
